The present study was designed to test the hypothesis that an acute in vivo treatment with reversible or irreversible acetylcholinesterase (AChE) inhibitors modifies the activities of nicotinic receptors (nAChRs) in hippocampal neurons. Here, whole-cell nicotinic responses were recorded from CA1 interneurons in hippocampal slices obtained from male guinea pigs at 1, 7, or 14 days after treatment with the irreversible AChE inhibitor, soman (1ϫ LD 50 s.c.), and/or the reversible AChE inhibitor, galantamine (8 mg/kg i.m.). Naive animals were used as controls. Three types of nAChR responses, namely types IA, II, and III, which were mediated by ␣7, ␣4␤2, and ␣3␤2␤4 nAChRs, respectively, could be recorded from the interneurons. The magnitude of ␣7 nAChR currents was neuron-type dependent. Stratum radiatum interneurons (SRIs) with thick initial dendrites had the largest ␣7 nAChR currents. Acute challenge with soman caused sustained reduction of type IA current amplitudes recorded from stratum oriens interneurons and increased the ratio of acetylcholine-to choline-evoked current amplitudes recorded from SRIs. In guinea pigs that developed long-lasting convulsions after the soman challenge, there was a sustained reduction of ␣3␤2␤4 nAChR responses. Acute treatment with galantamine had no effect on type IA or III responses, whereas it decreased the incidence of type II currents. Pretreatment of the guinea pigs with galantamine prevented the suppressive effect of soman on type III responses. The neuron type-specific changes in nAChR activity induced by soman, some of which could be prevented by galantamine, may contribute to the maintenance of pathological rhythms in the hippocampal neuronal network.
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A recent study from our laboratory demonstrated that galantamine effectively and safely counteracts the acute toxicity of organophosphorus (OP) compounds in guinea pigs, the best nonprimate model to predict the effectiveness of antidotes against OP toxicity in humans (Albuquerque et al., 2006; Pereira et al., 2008) . A single exposure to the OPs is lethal and is the likely scenario in a terrorist attack or accidental poisoning. Although OP nerve agents and pesticides interact with numerous molecular targets (Albuquerque et al., 1985; Schuh et al., 2002) , irreversible inhibition of acetylcholinesterase (AChE), the enzyme that hydrolyzes the neurotransmitter acetylcholine (ACh), appears to be a major determinant of their acute toxicity. The cholinergic syndrome characteristic of OP intoxication results in part from the actions of accumulated ACh on peripheral and central cholinergic receptors. Miosis, hypersecretions, bronchoconstriction, bradycardia, incontinence, and diarrhea result from muscarinic receptor overstimulation. Hyperactivation of nicotinic receptors (nAChRs) triggers muscle fasciculation, whereas their subsequent desensitization leads to muscle weakness. Central nervous system-related effects include anxiety, restlessness, confusion, ataxia, tremors, seizures, and cardiorespiratory paralysis (Newmark, 2007) .
Galantamine, a reversible AChE inhibitor currently approved for symptomatic treatment of mild-to-moderate Alzheimer's disease, is also known to act as an allosteric potentiating ligand at various nAChRs (Pereira et al., 1993; Schrattenholz et al., 1996) . Some studies have reported that acting primarily as a nicotinic allosteric potentiating ligand galantamine increases the activity of nAChRs in acute hippocampal slices (Santos et al., 2002) . Others have reported that reversible AChE inhibition by galantamine and other compounds causes desensitization of ACh-induced activation of ␣7 nAChRs while prolonging the action of ACh at non-␣7 nAChRs (Fayuk and Yakel, 2004) . Very little is known regarding the protracted effects of an acute in vivo treatment with galantamine or challenge with OP compounds on the activity of functional nAChRs in the brain.
The physiological and functional properties of neuronal nAChRs have been studied primarily in the rat and mouse brain (Alkondon et al., 1997 (Alkondon et al., , 1999 (Alkondon et al., , 2007b Jones and Yakel, 1997; Frazier et al., 1998; McQuiston and Madison, 1999; Albuquerque, 2004, 2005) . In general, three types of pharmacologically distinct nAChR responses, namely types IA, II, and III, which are mediated by ␣7, ␣4␤2, and ␣3␤2␤4 nAChRs, respectively, have been recorded from interneurons of rat and mouse hippocampi. Both ␣7 and ␣4␤2 nAChRs are found on the somatodendritic regions of interneurons, and activation of these receptors leads to GABA release onto both pyramidal neurons and interneurons (Alkondon et al., 1999; Alkondon and Albuquerque, 2001 ). On the other hand, ␣3␤2␤4 nAChRs are located on glutamatergic neurons/axons that synapse onto CA1 interneurons; activation of these nAChRs triggers excitatory postsynaptic currents (EPSCs) that can be recorded from CA1 interneurons (Alkondon and Albuquerque, 2005) . Although the effects of nAChR ligands on synaptic plasticity and transmission have been demonstrated at the network level (Mann and Greenfield, 2003; Wanaverbecq et al., 2007) , the types and prevalence of nAChRs have never been characterized before in guinea pig hippocampal slices at the cellular level.
The present study was designed to identify pharmacologically the nAChR subtypes that subserve nicotinic responses in CA1 interneurons of guinea pig hippocampal slices and to investigate changes in nAChR activity after a single exposure of guinea pigs to soman and/or galantamine. Evidence is provided herein that the pattern of nAChR expression in the hippocampus of guinea pigs is similar to that reported for other rodents, except that ␣7 nAChR expression in CA1 stratum radiatum interneurons (SRIs) is higher for guinea pigs than age-matched rats. An acute exposure to soman triggered: 1) a transient enhancement of ACh-induced ␣7 nAChR activation in CA1 SRIs, 2) a long-lasting reduction of the ␣7 nAChR activity in stratum oriens interneurons (SOIs), and 3) a prolonged suppression of the ␣3␤2␤4 nAChR regulation of glutamatergic transmission impinging onto CA1 SRIs. In contrast, the acute in vivo treatment with galantamine had no effect on ␣7 nAChR activity, albeit it caused a prolonged reduction of the ␣4␤2 nAChR activity in the CA1 SRIs. Pretreatment of the guinea pigs with galantamine counteracted the effects of soman on ␣3␤2␤4 nAChRs. As discussed herein, the effects of soman on the activity of the various nAChRs in the hippocampus have the potential to increase feed-forward while decreasing feedback inhibition of CA1 pyramidal neurons. The treatment with galantamine can counteract the imbalance between inhibition and excitation in the animals exposed to soman and, thereby, prevent the development of abnormal neuronal synchronization that would favor the sustainment of epileptiform activity in the hippocampus.
Materials and Methods
Animals. Male Hartley guinea pigs [Crl(HA)Br] that were 9 days old were purchased from Charles River Laboratories, Inc. (Wilmington, MA) and housed for 2 days before the experiments in groups of three to five per cage in a temperature-and light-controlled animal care unit. Handling of the animals was according to the regulations of the Association for Assessment and Accreditation of Laboratory Animal Care, complied with the standards of the Animal Welfare Act, and adhered to the principles of the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 1996) .
Guinea pigs were divided into four experimental groups. The control group consisted of animals not injected with any agents and were used at postnatal days 11 to 12 (referred to as P11), 16 to 19 (referred to as P18), and 22 to 26 (referred to as P25). The soman group consisted of animals (11-12 days old) that received an s.c. injection of 25.2 g/kg soman (1ϫ LD 50 ) between the shoulder blades. The galantamine group consisted of animals (11-12 days old) that received an i.m. injection of 8 mg/kg galantamine. The galantamine plus soman group consisted of animals (11-12 days old) that were treated with 8 mg/kg galantamine i.m. 30 min before the challenge with 25.2 g/kg soman s.c. Animals in each group were used at 1, 7, and 14 days after the injections. As listed in Table 1 , nearly half of the animals died at 24 h in the soman group, and the animals in all other groups and time points survived.
Hippocampal Slices. Guinea pigs were euthanized by asphyxia in a CO 2 atmosphere followed by decapitation. Their brains were removed, and the hippocampi were dissected out in cold artificial cerebrospinal fluid (ACSF). Hippocampal slices, 300-m-thick, were cut using a Vibratome sectioning system (Leica VT 1000S; Leica, Nusslock, Germany). Slices were stored at room temperature in ACSF, which was bubbled with 95% O 2 /5% CO 2 and composed of 125 mM NaCl, 25 mM NaHCO 3 , 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM CaCl 2 , 1 mM MgCl 2 , and 25 mM glucose. CA1 interneurons in hippocampal slices were visualized by means of infrared-assisted videomicroscopy for patch-clamp recordings. In addition, biocytin labeling was used for postrecording morphological identification of the neurons.
Patch-Clamp Recordings. Live neurons in the hippocampal slices were visualized using the 40ϫ water immersion objective of a Zeiss upright microscope (Carl Zeiss, Oberkochem Germany), and the images were viewed on a monitor using a digital camera. Slices were superfused with ACSF at 2 ml/min at room temperature. The ACSF contained atropine (0.5 M) to block muscarinic receptors and bicuculline (10 M) to block GABA A receptors. EPSCs and agonistevoked whole-cell currents were recorded from the soma of various neurons according to the standard patch-clamp technique using an EPC9 amplifier and PULSE software (ALA Scientific Instruments, Inc., Westbury, NY). Agonists were applied to the slices via a U tube, and antagonists were applied via the bath perfusion. The internal pipette solution contained 0.5% biocytin in addition to 10 mM ethylene-glycol bis(␤-amino-ethyl ether)-N-NЈ-tetraacetic acid, 10 mM HEPES, 130 mM Cs-methane sulfonate, 10 mM CsCl, 2 mM MgCl 2 , and 5 mM QX-314 (pH adjusted to 7.3 with CsOH; 340 mOsm). Membrane potentials were corrected for liquid junction potential. All experiments were carried out at room temperature (20 -22°C). Data Analysis. The peak amplitude and net charge of nicotinic currents and net charge of NMDA EPSCs were analyzed using the pClamp 9 software (Molecular Devices, Sunnyvale, CA). The data are expressed as mean Ϯ S.E.M., and statistical significance was analyzed using Student's t test, Mann-Whitney nonparametric analysis, and Fisher's exact test using the GraphPad InStat program (GraphPad Software Inc., San Diego, CA). Nonparametric linear regression was carried out using the StatsDirect program (StatsDirect Ltd, Cheshire, UK).
Results
Interneurons Studied in the CA1 region of Guinea Pig Hippocampal Slices. In this study, whole-cell patchclamp recordings were obtained from visually identified interneurons found in three locations in the CA1 field of hippocampal slices (see Fig. 1A ). Interneurons were studied in the stratum oriens (referred to as SOIs), near the pyramidal layer (referred to as SPIs), and in the stratum radiatum (referred to as SRIs) (Fig. 1A) . Postrecording reconstruction of images of biocytin-filled neurons confirmed the identity and location of the various interneurons (Fig. 1, B-D) . SOIs had their somata located in SO, dendrites branching in SR and SO, and axons projecting mainly in SO. SPIs had their somata located near the pyramidal cell body layer, multiple long dendrites traversing through the SR and the SLM, and dendrites branching in the SO. SPI axons projected mainly to the pyramidal cell body layer. SRIs had their somata located in the SR, dendrites in the SR, the SLM, and the SO, and axon projecting to the SR, the SLM, and the SO. The morphological features of SOIs, SPIs and SRIs resemble those reported for SO bistratified cells, CA1 basket cells, and SR bistratified cells, respectively (Freund and Buzsá ki, 1996) . In general, detailed characterization of nAChRs was carried out in SRIs. Nicotinic Responses Recorded from Interneurons in the CA1 Field of Guinea Pig Hippocampal Slices. Interneurons in the different layers of the CA1 field of the hippocampus responded to choline with rapidly decaying nicotinic currents (Fig. 1) . Choline-evoked currents either decayed completely to the baseline during the agonist pulse (see top trace in Fig. 1D ) or retained some residual amplitude at the end of the agonist pulse (see bottom trace in Fig. 1D ).
As described hereafter, the pharmacological properties of the choline-evoked currents recorded from CA1 interneurons in guinea pig hippocampal slices resembled those of responses referred to as type IA, which are subserved by ␣7 nAChRs. In the guinea pig hippocampal slices, as in rat hippocampal slices (Alkondon et al., 1999) , ACh (1 mM, 12 s) and choline (10 mM, 12 s) were equally effective in evoking rapidly decaying currents (Fig. 2, A-D) . When both agonists were tested in the same SRI (n ϭ 5), ACh (1 mM) evoked currents that had peak amplitudes between 90 and 95% of those of currents induced by choline (10 mM). Under control conditions, there was a significant rundown of the amplitudes of choline-or ACh-induced currents; at 60 min after the beginning of the recordings, the amplitudes of choline-or ACh-evoked currents were approximately 35 to 45% of the amplitudes of the responses evoked by the first agonist pulse (data not shown). A to E, sample traces illustrate whole-cell inward currents evoked by the U-tube application of either choline or ACh to interneurons at Ϫ60 mV. Traces in A to D represent responses from four SRIs under control conditions, 10 min after bath application of the antagonist and after wash at different times indicated. D, fourth trace ‫)ء(‬ was taken at ϩ40 mV and revealed ACh-induced NMDA EPSCs, showing that the whole-cell patch was still viable. Solid line at top of traces indicates the duration of U-tube pulse, and dashed lines indicate the baseline current level. F, sample traces illustrate the fast current transients that represent action potentials induced by Utube application of choline to an SRI in cell-attached configuration. Bottom trace indicates the absence of fast current transients at 10 min after exposure of the slice to 3 nM MLA. G, bar graph indicates the percentage reduction of type IA current peak amplitude by the antagonists. Type IA currents were evoked by 1 mM ACh (n ϭ 9) or 10 mM choline (n ϭ 13). Graph and error bars represent the mean and S.E.M. of results obtained from three to five neurons, respectively. Numbers in parentheses indicate the number of neurons studied in each group. 
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A 10-min exposure of the slices to 1 nM MLA decreased by 85% the amplitude of choline-or ACh-evoked currents (Fig.  2 , A and G). A near complete inhibition of choline-and ACh-induced inward currents was achieved when the slices were exposed for 10 min to 3 or 10 nM MLA (Fig. 2, B , C, and G). Both peak and steady-state currents were inhibited by 1 to 10 nM MLA (Fig. 2 , A-C). Choline-evoked currents recorded from SRIs and SOIs were equally sensitive to inhibition by MLA (1-10 nM). Reversal from MLA-induced inhibition depended on the antagonist concentration. After inhibition of the currents with 1 or 3 nM MLA, maximal reversal was achieved in approximately 50 min after washing the slices with MLA-free ACSF; the maximal amplitudes of the currents after the wash were approximately 35 to 45% of the currents evoked by the first agonist pulse before perfusion of the slices with MLA-containing ACSF. On average, it took 70 min or longer to reverse the inhibition induced by 10 nM MLA (see Fig. 2C ).
Exposure of the slices to ␣-BGT (50 nM) for 10 min inhibited both choline-and ACh-induced currents in SRIs and SOIs (see Fig. 2 , D and G); reversal of the inhibition was not achieved even after 1 h of washing the slices with ␣-BGT-free ACSF. Likewise, exposure of the slices to ␣-cobratoxin (100 nM) for 10 min resulted in a long-lasting inhibition of choline-evoked currents (Fig. 2E ).
The ability of choline to excite SRIs was tested using the cell-attached configuration of the patch-clamp technique. Utube application of choline to SRIs under this condition induced fast current transients that corresponded to action potentials (Fig. 2F ). Bath application of 3 nM MLA blocked the excitatory effect of choline. Like in the whole-cell current measurements, the inhibitory effect of MLA was reversed after 50 min of washing the neurons with MLA-free ACSF (data not shown).
As in hippocampal slices from rats and mice (Jones and Yakel, 1997; Alkondon et al., 1999; McQuiston and Madison, 1999) , the peak amplitude of choline-evoked type IA currents recorded from CA1 SRIs in guinea pig hippocampal slices increased linearly with membrane voltage in the hyperpolarizing direction (Fig. 3) . The concentration dependence of choline to evoke type IA currents in CA1 SRIs of guinea pig hippocampal slices was also indistinguishable from that reported for rat hippocampal slices (Alkondon et al., 1999) ; the EC 50 for choline was approximately 3.1 mM (Fig. 3) . However, the amplitudes of type IA currents recorded from CA1 SRIs were on average larger in guinea pig than in rat or mouse hippocampal slices ( Table 2 ). The mean peak amplitude of choline (10 mM)-evoked type IA currents was in the order guinea pig Ͼ rat Ͼ mouse in age-matched groups of animals ( Table 2) .
In 25% SRIs (12 of 48 neurons), U-tube application of ACh (0.1 or 1 mM) resulted in activation of slowly decaying inward currents at Ϫ60 mV (Fig. 4A) . Application of choline (10 mM) always evoked fast-decaying, type IA currents in the neurons where ACh elicited slowly decaying currents. The slowly decaying currents remained unaffected after 10-min perfusion of the slices with ACSF containing 3 or 10 nM MLA, 50 nM ␣-BGT, or 100 nM ␣-cobratoxin (Fig. 4A ). However, such currents could be reversibly inhibited by 10 M dihydro-␤-erythroidine (Fig. 4A ). These currents have the pharmacological profile of ␣4␤2 nAChR-mediated responses and are hereafter referred to as type II. In the absence of pharmacological antagonists, type II currents were identified solely on the basis of the high ratio of current amplitude or net charge of inward currents evoked by 0.1 mM ACh to those evoked by 10 mM choline. The ratio of the amplitude and net charge of currents evoked by ACh to those induced by choline in 12 neurons that had presumed type II currents was 0.751 Ϯ 0.157 and 1.425 Ϯ 0.266, respectively, and remained significantly higher (p Ͻ 0.001 by Mann-Whitney test) than the ratio of the responses evoked by ACh to those induced by choline in neurons that exhibited only type IA currents.
When SRIs were voltage-clamped at ϩ40 mV, U-tube application of ACh (0.1 mM) elicited isolated or overlapping NMDA EPSCs (21 of 22 neurons). This is confirmed by the ability of 2-amino-5-phosphonovaleric acid to abolish AChinduced EPSCs (Fig. 4B) . Bath application of either mecamylamine (3 M, Fig. 4B ) or bupropion (10 M, data not shown) to the slices reduced the magnitude of ACh-elicited NMDA EPSCs. These responses have the pharmacological characteristics of those mediated by ␣3␤2␤4 nAChRs and herein are referred to as type III (Alkondon and Albuquerque, 2005) .
Factors That Influence the Magnitude of Type IA Currents Recorded from CA1 Interneurons. The amplitudes of choline-evoked currents recorded from SOIs and SPIs were small compared with those recorded from SRIs (Fig. 1, B-D) . The amplitudes of choline-evoked currents from SOIs of eight control animals ranged between 8 and 482 pA [mean Ϯ S.E.M. ϭ 90 Ϯ 56 pA (n ϭ 8 neurons) or 33.9 Ϯ 8.8 pA, after excluding one outlier]. The current amplitudes A, left, sample recordings represent inward whole-cell currents induced by U-tube-applied choline at different membrane potentials. Right, plot of normalized type IA current peak amplitude versus membrane potential. Data are mean Ϯ S.E.M. values from three neurons. In each neuron, the peak amplitude of type IA current at Ϫ88 mV was taken as 100% and used to normalize the amplitude recorded at various membrane potentials. B, left, sample recordings represent inward whole-cell currents induced by different concentrations of choline. Right, normalized peak amplitude of type IA currents is plotted against agonist concentration. The peak amplitude by 10 mM choline was taken as 100% in each neuron. Symbols and error bars represent mean and S.E.M., respectively, of results obtained from four SRIs. Solid line passing through the symbols represents the best fit of the data to a Hill equation.
recorded from SPIs of three control animals were 22, 35, and 50 pA (mean Ϯ S.E.M. ϭ 35.6 Ϯ 8.0 pA, n ϭ 3 neurons). On the other hand, the current amplitudes recorded from SRIs from 25 control animals ranged widely between 11 and 874 pA (mean Ϯ S.E.M. ϭ 135 Ϯ 18.8 pA, n ϭ 60 neurons).
As mentioned above, choline-evoked currents either decayed completely to the baseline during the agonist pulse or retained some residual amplitude at the end of the agonist pulse. In SRIs, the residual current amplitude remaining at the end of the agonist pulse depended on the depth of the neurons in the slices (Fig. 5) . A significant positive correlation was found between the type IA steady-state current amplitude and the depth of the SRIs and their dendrites in the slices (Fig. 5A ). Although in a few slices some surface SRIs responded to choline with type IA currents that had very large peak amplitudes, data collected from several slices indicated that the depth of the SRIs did not correlate to any significant extent with the peak amplitude of type IA currents (Fig. 5B) . These results suggested that the depth at which neurons are located affects the decay phase of type IA currents and, therefore, the wave form of the currents (see traces in Figs. 1 and 2), but not the peak amplitude of the currents.
The amplitudes of type IA currents recorded from SRIs with mixed type IA-type II responses, referred to as type II neurons, were smaller than those recorded from SRIs that responded to ACh or choline exclusively with type IA currents, referred to as type IA neurons (Fig. 5C ). As the distance of the type IA neurons from the pyramidal cell layer increased, there was also an increase in the peak amplitudes of type IA currents. Thus, the plot of the distance of type IA neurons from the pyramidal layer versus type IA peak amplitude resulted in a positive slope that is statistically significant (Fig. 5D) . A significant positive correlation was also detected between the distance of type II neurons from the pyramidal layer and the peak amplitude of type IA currents (Fig. 5E ). In the age range between 11 and 26 postnatal days, type IA peak amplitudes did not show any significant age dependence (Fig. 5F ).
Reports that functional ␣7 nAChRs can be found on dendrites of hippocampal neurons (Alkondon et al., 1996; Khiroug et al., 2003) led to the analysis of the dependence of type IA current amplitude on SRI dendrite length. SRIs that responded to choline (10 mM) with type IA peak amplitudes smaller than 50 pA or larger than 300 pA had average dendritic length of 2303 Ϯ 264 (n ϭ 9) and 2628 Ϯ 321 (n ϭ 6) m, respectively. Thus, the peak amplitude of type IA currents did not correlate with the total dendrite length of the CA1 SRIs in the guinea pig hippocampal slices. However, examination of images of biocytin-filled SRI revealed that the thickness of initial dendrites correlates well with the size of type IA currents. As illustrated in Fig. 6 , SRIs with one or (18) * Both males and females were used in this study. In all other studies mentioned above, only male animals were used. a . b Alkondon et al. (2007a) . c Alkondon et al. (2007b) . d This study. more thick initial dendrites (diameter between 3 and 5 m) responded to 10 mM choline with large-amplitude type IA currents, whereas those with thin initial dendrites (diameter between 1 and 2 m) responded to 10 mM choline with small amplitude type IA currents. Statistical comparison of the peak amplitude of type IA currents recorded from SRIs with thick versus thin dendrites revealed a highly significant (p Ͻ 0.002 by Mann-Whitney test) difference (Fig. 6, bottom) . Effects of Acute Treatment of Guinea Pigs with Soman and/or Galantamine on Type IA Currents in CA1 SRIs. To assess the degree of AChE inhibition in the hippocampal slices at the functional level, the ratio of peak amplitude or net charge of type IA currents induced in each SRI by ACh at 0.1 mM (nearly one-tenth of saturating concentration of 1 mM) and choline at 10 mM (nearly saturating concentration) was calculated. If ACh hydrolysis by AChE is a rate-limiting step in the termination of responses evoked by exogenous application of ACh to the slices, AChE inhibition would result in enhancement of ACh-but not choline-induced currents. Consequently, the magnitude of the ratio of ACh-to choline-evoked type IA currents would increase. Using this rationale, the ratio of the peak amplitude or net charge of ACh-to choline-induced type IA currents (herein referred to as ACh/choline peak amplitude or net charge ratio) recorded from CA1 SRIs in slices of control animals was compared with that recorded from corresponding interneurons in slices obtained from guinea pigs at various times after their treatments. In nearly half of the experiments, type IA currents were confirmed by the application of 3 to 10 nM MLA to the slices at the end of the protocol.
Approximately 75% of the guinea pigs that received a subcutaneous injection of 1ϫ LD 50 soman presented clear signs of acute OP intoxication. Facial twitches, chewing, slight hyperlocomotion, head tremors, profuse secretions, muscle fasciculations, rearing, strong grinding, gnashing or clenching of the teeth (bruxism), all limb clonus, and convulsions were common signs observed in the majority of the animals challenged with 1ϫ LD 50 soman. Between 10 min and 2 h after the challenge with 1ϫ LD 50 soman, the toxic signs progressed from the peripheral nicotinic and muscarinic effects to the central nervous system effects. Convulsions triggered by 1ϫ LD 50 soman became life-threatening when they occurred unremittingly and lasted longer than 10 min or when they recurred for longer than 10 min without the animals regaining consciousness during the interictus interval. There is evidence that 10 min of continuous convulsions is sufficient to damage neurons and that unremittingly or recurrent seizures lasting longer than 10 min are unlikely to self-terminate (DeLorenzo et al., 1999; García Peñ as et al., 2007) . Thus, following the Institutional Animal Care and Use Committee guidelines, the animals were euthanized as soon as the life-threatening generalized unremittingly or recurrent convulsions developed.
At 24 h after the soman challenge, the surviving guinea pigs had lost 10 to 15% of their initial weight and could be divided into four general groups. One group consisted of animals that still presented sporadic convulsions even without handling. The second group consisted of animals that developed convulsions only during handling. The third group consisted of animals that showed hyperlocomotion in their cages but had no convulsions at rest or during handling. The fourth group consisted of animals whose gross behavior was comparable with that of control animals. At 7 and 14 days after the soman challenge, the guinea pigs were gaining weight at a lower rate than control animals (data not shown), although they could not be distinguished on the basis of their gross behavior from control animals.
As reported before (Albuquerque et al., 2006) , guinea pigs that received an i.m. injection of galantamine (8 mg/kg) presented no immediate weight loss, gained weight at the same rate as control animals, and showed no alteration of gross behavior. In addition, as reported earlier (Pereira et al., 2008) , guinea pigs that were treated with galantamine (8 mg/kg i.m.) and subsequently challenged with 1ϫ LD 50 soman showed approximately 10% of weight loss at the first A, relationship between depth of SRIs from the slice surface and the magnitude of type IA steady-state current. The amplitude of type IA current remaining at 10 s after activating the solenoid valve for agonist delivery is expressed as percentage of the peak current and is shown in the ordinate. SRI depth shown on the abscissa represents the depth of the cell body from the surface of the slice, measured just before making the recordings. Each symbol represents a single neuron. A nonparametric linear regression of the data yielded a statistically significant positive slope. Type IA cells mentioned in all places represent those SRIs exhibiting only type IA currents. B, relationship between depth of SRIs from the slice surface and type IA current peak amplitude. A nonparametric linear regression of the data indicated no significant correlation between the two parameters. C, bar graph shows the peak amplitude of type IA currents in type IA neurons (neurons that exhibit only type IA currents) and in type II neurons (neurons with mixed responses). Numbers in parentheses represent the number of neurons studied. Graph and error bar are mean and S.E.M., respectively, of results obtained from 46 type IA cells and 12 type II cells. ‫,ء‬ results are different with p ϭ 0.038 (Student's t test). D and E, relationship between SRI distance from the pyramidal layer and type IA current peak amplitude in type IA (D) and type II (E) cells. The distance was measured from the midline of the pyramidal cell layer to the center of the SRI before making the recordings in the slices. In both cases, a nonparametric linear regression of the data revealed a statistically significant positive slope. F, relationship between the age of guinea pigs and type IA current peak amplitude.
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In hippocampal slices obtained from control animals, the ACh/choline peak amplitude and net charge ratio recorded from CA1 SRIs were 0.067 Ϯ 0.009 and 0.135 Ϯ 0.021, respectively (n ϭ 31 neurons). In hippocampal slices obtained from animals at 1 day after a single injection of soman, the ratios were significantly larger than those recorded from SRIs in slices from age-matched control animals (Fig. 7) . On the other hand, the ACh/choline peak amplitude and net charge ratios recorded from SRIs in slices obtained from guinea pigs at 7 and 14 days after the soman challenge were comparable with those recorded from SRIs of age-matched control animals, suggesting that AChE activity had returned to control levels.
The ACh/choline peak amplitude and net charge ratios recorded from SRIs in slices obtained at 1, 7, or 14 days after the acute treatment of the guinea pigs with galantamine were comparable with those recorded from SRIs of agematched control animals (Fig. 7) . In guinea pigs that received galantamine before soman, the ACh/choline ratio in type IA current amplitude and net charge remained elevated above control values. However, the difference from control was not statistically significant (Fig. 7) .
At 1, 7, or 14 days after the acute challenge of the guinea pigs with 1ϫ LD 50 soman, the amplitudes and net charge of choline-evoked currents recorded from SRIs were comparable with those recorded from SRIs in slices of age-matched control animals (Fig. 8) . Likewise, acute treatment with galantamine or pretreatment with galantamine followed by the challenge with soman failed to alter the magnitude of choline-evoked type IA current (Fig. 8) . In contrast, after the soman challenge, the amplitude and net charge of cholineevoked type IA currents recorded from CA1 SOIs were smaller than those recorded from neurons of control animals (see Fig. 9 ).
Effects of Acute Treatment of Guinea Pigs with Soman and/or Galantamine on Type II Currents in CA1 SRI. Examination of the animals in each treatment group, without considering the age and time after treatment, revealed that the percentage of SRIs that responded to 0.1 mM ACh with type II currents was similar in control and somanchallenged animals (Fig. 10A) . In contrast, after the treatment with galantamine, the percentage of SRIs that responded to 0.1 mM ACh with type II currents was lower than that found in control animals (Fig. 10A) . In slices obtained from guinea pigs that were treated with galantamine and subsequently challenged with soman, the percentage of SRIs showing type II currents in response to 0.1 mM ACh was not statistically different from that seen in control animals (Fig. 10A) .
Categorizing the results according to the age of control animals or time after the soman challenge revealed that at 1 day after the exposure to soman, there was an increase in the percentage of SRIs that responded to ACh with type II currents (Fig. 10B) . At 7 days after the challenge, the percentage 
(12) (12)
Peak Amplitude Net Charge Control Soman (1 LD50, sc)
Galantamine (8 mg/kg, im) Galantamine + Soman Fig. 8 . Effect of the acute treatments with galantamine and/or soman on choline-evoked type IA currents in CA1 SRIs. Graph of peak amplitudes (left graphs) or net charge (right graphs) of type IA currents recorded from SRIs in hippocampal slices taken from animals at different ages or at various times after a given treatment. The net charge of type IA currents was calculated for 12 s of the trace starting from the trigger applied at the solenoid valve. Only type IA cells were included in this analysis. Control group of animals were in the age ranges of P11 to P12 (top), P16 to P19 (middle), and P25 and P26 (bottom). Drug-treated groups were age-matched to controls and obtained 1, 7, or 14 days (top, middle, and bottom, respectively) after any given treatment. Graph and error bars are mean and S.E.M., respectively, of results from seven to 17 neurons. Numbers in parentheses represent the number of neurons studied in each experimental group.
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at ASPET Journals on November 13, 2017 jpet.aspetjournals.org of SRIs that responded to ACh with type II currents was lower than that seen in the hippocampus of age-matched control animals (Fig. 10B) . At 14 days after the challenge, the percentage of SRIs exhibiting type II currents in response to ACh was comparable with that seen in age-matched control animals. Exposure to soman had no effect on the peak amplitude and net charge of type II currents evoked by 0.1 mM ACh in SRIs (see Fig. 10C ). At 1, 7, and 14 days after the acute treatment of the guinea pigs with galantamine, the percentage of SRIs exhibiting type II currents in response to ACh was significantly lower than that observed in the hippocampus of age-matched control guinea pigs (Fig. 10B) . After the treatment with galantamine, soman was unable to induce alterations in the percentage of type II nAChR-positive neurons (Fig. 10B) .
Effects of Acute Treatment of Guinea Pigs with Soman and/or Galantamine on Type III Currents in CA1 SRI. Type III currents were quantitatively assessed by the analysis of the net charge of ACh-evoked NMDA EPSCs in SRIs. Exposure to soman caused a significant reduction in the net charge of ACh-induced NMDA EPSCs compared with untreated guinea pigs (Fig. 11) . The effect was long-lasting because it could be detected in slices obtained from guinea 
(2) pigs at 1, 7, or 14 days after their challenge with 1ϫ LD 50 soman (Fig. 11A ). In addition, the effect was clearly evident in guinea pigs that developed long-lasting convulsions in response to soman. Acute treatment of the guinea pigs with galantamine alone did not alter the magnitude of type III nAChR response to any significant extent; however, galantamine pretreatment prevented the inhibitory effect of soman on type III nAChR responses (Fig. 11B ).
CA1 Interneuron Morphology in Hippocampal Slices from Guinea Pigs Acutely Challenged with Soman.
Qualitative evaluation of the images of biocytin-filled neurons in the slices revealed that the axonal arborization of CA1 interneurons in the hippocampi of animals challenged with a single dose of soman was different from that seen in slices of control animals. Changes in the axonal arborization of CA1 interneurons were more pronounced in animals that presented severe convulsions after the soman challenge. The SOIs were the most affected neurons. Although in hippocampal slices of control guinea pigs, SOI axons were densely confined to the SO itself (Fig. 12A) , in slices obtained at 24 h after the soman challenge, SOI axons were projecting throughout all the hippocampal layers (Fig. 12B) .
Discussion
The present study demonstrates that, in the guinea pig, hippocampus ␣7 and ␣4␤2 nAChRs are expressed by CA1 SRIs, SOIs, and SPIs, and ␣3␤2␤4 nAChRs control glutamatergic inputs to CA1 SRIs. An acute exposure to soman: 1) transiently enhanced ACh-induced ␣7 nAChR activation in CA1 SRIs, 2) reduced the ␣7 nAChR activity in SOIs, 3) increased the proportion of SRIs expressing ␣4␤2 nAChRs, and 4) suppressed ␣3␤2␤4 nAChR-triggered EPSCs onto CA1 SRIs. The acute in vivo treatment with galantamine prevented soman-induced enhancement on ACh-evoked ␣7 nAChR currents, caused a prolonged reduction of the ␣4␤2 nAChR activity in CA1 SRIs, and counteracted the effects of soman on ␣3␤2␤4 nAChRs. The potential contribution of these effects to the toxicity of soman and the antidotal effectiveness of galantamine are discussed herein.
nAChR Subtypes in the Guinea Pig Hippocampus. Pharmacologically distinct nAChR responses could be recorded from CA1 interneurons in the hippocampus of 11-to 26-day-old guinea pigs. As in the rat and mouse hippocampus (Jones and Yakel, 1997; Alkondon et al., 1999; McQuiston and Madison, 1999) , CA1 SRIs, SOIs, and SPIs in the guinea pig hippocampus express functional ␣7 nAChRs. The pharmacological properties of ␣7 nAChR responses in the guinea pig hippocampus were comparable with those recorded from the hippocampi of other rodents. However, the amplitudes of these responses were higher in CA1 SRIs of guinea pigs than of age-matched rats and mice. It is tempting to speculate that the higher expression of functional ␣7 nAChRs in the hippocampus of guinea pig compared with rats and mice is indicative of the higher degree of cholinergic development in the guinea pig hippocampus.
As in the rat hippocampus (Alkondon and Albuquerque, 2005) , approximately 25 to 35% of the CA1 SRIs in the guinea pig hippocampus expressed functional ␣4␤2 nAChRs in addition to functional ␣7 nAChRs. Further, as in rat hippocampal slices (Alkondon and Albuquerque, 2005) , all CA1 SRIs in the guinea pig hippocampus received inputs from glutamatergic neurons/axons expressing ␣3␤2␤4 nAChRs.
Intrinsic Factors That Influence ␣7 nAChR Activity in Guinea Pig Hippocampal Slices. At least three physiological factors appear to regulate the ␣7 nAChR activity/ expression in guinea pig CA1 SRIs. First, the magnitude of ␣7 nAChR responses was smaller in neurons that also express functional ␣4␤2 nAChRs than in those expressing exclusively functional ␣7 nAChRs.
Second, the magnitude of ␣7 nAChR responses recorded from guinea pig CA1 SRIs increased with the distance of the neurons from the pyramidal layer and was greater than that recorded from SOIs or SPIs. In the rat hippocampus, ␣7 nAChR regulation of GABAergic transmission was also found to be higher in the CA1 SLM field of the hippocampus (Alkondon and Albuquerque, 2001) . Therefore, the degree of ␣7 nAChR expression in the hippocampal interneurons is layer dependent.
Third, the ␣7 nAChR activity in guinea pig CA1 SRIs increased with the thickness of the initial segments of the neuronal dendrites. In these neuronal compartments, ␣7 nAChRs could serve as targets for cholinergic synaptic connections. Only few ACh varicosities have been found to make jpet.aspetjournals.org synaptic contacts within the rat hippocampus, and most of these synaptic contacts occur predominantly on the dendritic branches, not spines (Aznavour et al., 2005) .
Influence of AChE on nAChR Activity in Guinea Pig Hippocampal Slices. It has been reported that AChE activity in the hippocampus is reduced to approximately 25% of control levels at 1 h after an acute exposure of guinea pigs to 1ϫ LD 50 soman, shows very little sign of recovery at 24 h after the exposure, and slowly recovers to approximately 60% of control levels at 7 days after the challenge (Lintern et al., 1998) . In contrast, after an acute treatment of guinea pigs with galantamine (8 mg/kg i.m.), brain AChE activity is reduced to no more than 25% in the 1st hour and returns to control levels within 6 h (Albuquerque et al., 2006) .
At 24 h after the acute in vivo challenge of the guinea pigs with 1ϫ LD 50 soman, the ACh/choline amplitude and net charge ratios were increased, whereas the magnitude of choline-evoked type IA currents was unaltered. At the same time, the magnitude of ␣7 nAChR responses was decreased in SOIs. These results suggest that AChE is a rate-limiting factor for the termination of ␣7 nAChR activation by exogenously applied ACh in guinea pig hippocampal slices. The differential level of AChE activity and cholinergic innervation in both layers can result in the layer-specific effects of enzyme inhibition on ␣7 nAChR activation by exogenous agonists.
The degree of cholinergic innervation and the AChE activity are low in the SR and high in the SO (Geneser-Jensen, 1972; Schä ffer et al., 1998) . Thus, substantial AChE inhibition, as seen at 24 h after the soman challenge (Lintern et al., 1998) , can prolong the lifetime of exogenously applied ACh available to activate the ␣7 nAChRs in the SR. In contrast, AChE inhibition in the SO can increase the levels of endogenous ACh sufficiently to desensitize the ␣7 nAChRs. As a consequence, ␣7 nAChR responses triggered by exogenous application of ACh to SOIs will be decreased upon AChE inhibition. The prevention by galantamine of the somaninduced irreversible AChE inhibition can counteract the ␣7 nAChR changes induced by the nerve agent (Fig. 13) .
At 1 and 7 days after the acute exposure to soman, there was an increase and a decrease, respectively, in the percentage of ␣4␤2 nAChR-expressing SRIs in the guinea pig hippocampus. The activity of ␣4␤2 nAChRs returned to control levels at 14 days after the soman challenge. Changes in ␣4␤2 nAChR activity in the hippocampus of soman-exposed animals were unlikely to be related to increased levels of ACh in response to AChE inhibition, because the ACh concentration used to activate the ␣4␤2 nAChRs was supramaximal. In addition, as indicated above (Lintern et al., 1998) , a significant portion of the AChE activity is recovered in the guinea pig hippocampus at 7 days after an exposure to soman. Therefore, if levels of exogenously applied ACh were sustained longer in the slices because of AChE inhibition and consequently desensitized ␣4␤2 nAChRs, receptor activity should have been lower at 1 than at 7 days after the soman challenge. The transient alterations in ␣4␤2 nAChR activity in the SRIs of soman-challenged guinea pigs may be accounted for by intracellular mechanisms triggered by somaninduced direct or indirect changes in the activity of other cholinergic receptors, including ␣7 nAChRs (see results above) and muscarinic receptors (Silveira et al., 1990) .
Involvement of nAChRs in the Actions of Soman and Galantamine. At 24 h after the soman challenge, the enhanced activities of SRI ␣7 and ␣4␤2 nAChRs and the reduced SOI ␣7 nAChR activity can suppress nAChR-mediated feedback inhibition while allowing nAChR-mediated feedforward inhibition in the CA1 region of the hippocampus (Fig. 13) . Disruption of the axonal arborization of SOIs, which can also contribute to a reduction of the feedback inhibition of CA1 pyramidal neurons, was one of the most striking morphological alterations observed in the hippocampus of soman-challenged guinea pigs. Decreased feedback inhibition in the CA1 field of the hippocampus appears to facilitate synchronization of the hippocampal neuronal network and sustain epileptiform activity (Stief et al., 2007) .
In galantamine-treated, soman-challenged guinea pigs, the percentage of ␣4␤2 nAChR-expressing SRIs did not change in the first 24 h after the challenge and decreased subsequently. Galantamine alone caused a long-lasting reduction of the percentage of SRIs that exhibited type II currents in response to ACh. Thus, it is tempting to speculate that the net effect seen on ␣4␤2 nAChR activity in the galantamine-treated, soman-challenged animals is the result of a functional antagonism between galantamine and soman. In addition, ␣7 nAChR responsiveness of SRIs to ACh was not significantly different between guinea pigs that were pretreated with galantamine, soman-challenged, and control animals. This effect could have resulted from the protection by galantamine of the irreversible AChE inhibition by soman.
A sustained reduction of the ACh-induced NMDA EPSCs was observed in SRIs of guinea pigs that developed convulsions in response to the soman challenge. The inhibitory effect of soman on these responses does not appear to be related to changes in the concentrations of ACh that are available to activate the receptors. First, the AChE activity, but not the suppression of the ␣3␤2␤4 nAChR-mediated responses, recovers to a substantial extent at 7 days after an acute challenge with soman (Lintern et al., 1998) . Second, the effect of soman was only evident in animals that presented intermittent convulsions for long periods of time. The effect of soman on type III responses could be partly attributed to the extensive loss of CA1 pyramidal neurons that occurs after an acute exposure to the nerve agent (Albuquerque et al., 2006) because they contribute glutamate inputs to the CA1 SRIs in the slices. In fact, pretreatment with galantamine, which reportedly counteracts the soman-induced neurodegeneration (Albuquerque et al., 2006) , prevented the effect of soman on ACh-induced NMDA EPSCs.
In conclusion, the results presented herein demonstrate that pretreatment of guinea pigs with galantamine counteracts the neuron type-specific effects of soman on the activity of different nAChRs known to be involved in feedback and feed-forward mechanisms that regulate the rhythms of the neuronal networks in the hippocampus. Fig. 13 . Scheme illustrating the network effect of soman and galantamine. The pyramidal neuron (P) in the CA1 hippocampal region receives inhibitory inputs from various interneurons. The SRI provides the feed-forward inhibition, whereas both SOI and SPI provide feedback inhibition to the pyramidal neurons. Soman suppresses feedback inhibition (i.e., causes disinhibition) via inhibition of type IA currents in SOI and SPI. Soman enhances feed-forward inhibition via enhancement of ACh-induced type IA currents and via increase in the number of SRI with type II currents. Soman-induced imbalance in feed-forward and feedback inhibition results in increased pyramidal neuron firing leading to excitotoxicity, neuronal damage, and altered rhythm. The loss of pyramidal neurons partly contributes to a decrease in type III nAChR activity after exposure to soman. Galantamine opposes the action of soman by preventing irreversible inhibition of AChE, leading to preservation of nAChR activity, and/or by inducing changes in the expression of nAChRs in the interneurons, thereby restoring the balance of nAChR-dependent feed-forward and feedback inhibition in the hippocampal neurocircuitry.
